The pRB cell cycle regulatory cascade is frequently perturbed in neoplasia by overexpression of a component of the pRB-phosphorylating cyclin D1/CDK4 complex or by inactivation of pRB or the CDK4 inhibitors p16 and p15. We investigated the status and expression of p16, p15, CCND1, CDK4 and RB genes in the Ewing family of tumors. P16 loss was observed in 8 of 27 tumors (30%) and in 12 of 23 (52%) tumor cell lines from unrelated patients. There were no discrepancies in the p16 status between primary tumors and the corresponding cell lines and between cell lines established from consecutive tumor samples. p15 was codeleted in most cases but p15 mRNA was absent also in cell lines retaining the gene. In addition, posttranscriptional p16 inactivation was observed in two cases. Although no evidence for CDK4 or CCND1 ampli®cation was obtained, expression of these genes varied considerably in the cell lines in a case speci®c manner. In wild-type p16 cell lines, pRB expression was lost in one case. Our data indicate that, despite the absence of cytogenetically detectable 9p21 chromosomal aberrations, p16 deletions constitute the most frequent secondary molecular aberration in Ewing tumors so far. These results are discussed in the context of the stage of disease and the clinical outcome of the patients. The potential prognostic impact of these ®ndings remains to be further evaluated.
Introduction
Dysregulation of the cell-division cycle machinery contributes to malignant cellular transformation and, eventually, to the development of cancer. Orderly transition through the cell-cycle is regulated by sequential protein phosphorylation in multi subunit protein complexes including cyclins and their catalytic partners, cyclin dependent kinases (CDKs) (for review MacLachlan et al., 1995) . CDKs, a group of homologous serine/threonine kinases, are active when bound to their regulatory subunit, a cyclin. In addition to regulation by intrinsic activating and inhibitory phosphorylations, CDK activity is in¯uenced by a number of small proteins that physically associate with cyclins, CDKs, or their complexes. Among these factors there are negative regulators of cell growth, the CDK inhibitors (CDIs). Expression of one of them, p21 (WAF1/CIP1/CDKN1), a universal component of cyclin-CDK complexes (Zhang et al., 1993) , is frequently abolished by mutational or viral inactivation of its positive regulator p53 in many tumors (ElDeiry et al., 1993; Hollstein et al., 1991) . A key role in the regulation of S-phase entry of a cell is played by the product of the Rb tumor suppressor gene pRB. This protein releases the transcription factor E2F when either bound to viral oncoproteins (SV40 large T antigen, human papilloma virus E7 and adenovirus E1A) or when phosphorylated by either CDK4 or CDK6 associated with the D-type cyclins. E2F in turn activates a set of genes important for G1/S transition of the cell-division cycle, including the dihydrofolate reductase, thymidine kinase, DNA polymerase a, Cdc2, and c-myc genes. The CDI p16 (CDKN2, MTS1, INK4A) has been found to be associated with the cyclin D1/CDK4 complex preventing pRb phosphorylation and consequently S-phase entry (Serrano et al., 1993; Schulze et al., 1994; Lukas et al., 1995) . The cell cycle regulatory complex that includes pRb, cyclin D1/ CDK4, and p16 has been found to be frequently compromised in cancer: Inactivation of pRb is common in retinoblastomas, osteosarcomas, bladder and breast cancers (Weinberg, 1991) ; the gene encoding cyclin D1, CCDN1, is frequently overexpressed in centrocytic lymphomas, breast cancer, head and neck squamous cell, esophageal and hepatocellular carcinomas (for review Hirama and Koeer, 1995) ; CDK4 is ampli®ed in brain tumors and in sarcomas (Kathib et al., 1993; Schmidt et al., 1994) . P16 loss has been demonstrated in a broad spectrum of cancers (Kamb et al., 1994) . In contrast to p53, where missense mutations prevail, p16 is most commonly homozygously deleted. However, p16 point mutations have also frequently been observed in esophageal, pancreas and non small cell lung carcinomas (Mori et al., 1994; Caldas et al., 1994; Hayashi et al., 1994) . When the p16 gene is lost, the related p15 gene is most commonly but not necessarily co-deleted. In contrast, p15 deletion without p16 loss is unusual. Generally, a much lower frequency of p16 gene alterations was found in primary tumors as compared to cell lines. However, due to the presence of stromal cells in the primary samples, homozygous deletions are often dicult to detect resulting in an underestimation of the mutation frequency. Alterations of p53 and p16 genes are the most recurrent aberrations in cancer. However, while both the p53 and the pRB dependent pathways of cell cycle control are inactivated in viral carcinogenesis, no such association has been established for sporadic neoplasms so far. Interestingly, with the exception of sarcomas, p53 mutations are rare in childhood cancer, including neuroblastoma, Ewing tumors, medulloblastoma, retinoblastoma, Wilm's tumor, hepatocellular carcinoma, and lymphoid hematologic malignancies (Vogan et al., 1993; Kovar et al., 1993; Rael et al., 1993; Malkin et al., 1994; Chen et al., 1995; Wada et al., 1993) . Relatively little is known about p16 alterations in this group of neoplasma. While p16 mutation frequency is high in childhood acute lymphoblastic leukemia (Ohnishi et al., 1995) , no alterations were found in neuroblastoma, medulloblastoma and ependymoma (Beltinger et al., 1995; Jen et al., 1994) . However, in other neoplasms of neuroectodermal origin such as glioblastomas and familial melanomas, high frequencies of p16 loss and CDK4 ampli®cation have been reported (Schmidt et al., 1994) .
Ewing tumors are a family of presumably neural crest derived bone and soft tissue neoplasms in children and young adults. They are characterized by rearrangements between the EWS gene and an ETS-related transcription factor gene (Delattre et al., 1994) . Today, two thirds of patients with localized disease can be Figure 1 (a) Status of p15/p16, CCND1 and CDK4 genes in primary Ewing tumors. Representative Southern blot hybridized consecutively to probe HP.5 detecting germline EWS, an EWS pseudogene (cEWS) and an aberrant band resulting from the characteristic EWS gene rearrangement, a p16 exon 2 probe recognizing p16 and p15 genes, a CCND1 and a CDK4 cDNA probe. Patients' numbers are indicated on top of the ®gure. Arrow heads indicate loss of p16 and p15 alleles in one case. Tumors such as #29, #47, #37 and #30 were not included into further evaluation because of the lack of a visible chimeric EWS band. (b) Status of p16 and p15 genes in Ewing tumor cell lines. Representative Southern blot of EcoRI digested genomic DNA. As a loading control an ethidium bromide stained detail is shown in the lower part of the ®gure. Designation of cell lines as in Table 2 . Note that while in cases A 1 , K, M, and S both p16 and p15 genes are lost, cell lines L 1 and U retain p15. (c) Mutation and loss of heterozygosity of a p16 allele in case #27 and a cell line derived from it. Representative SSCP gel. The mutation was detected using primers p16S1 and p16A1. Lanes 1 and 2 tumor (#27), lanes 3 and 4 bone marrow (BM), lanes 5 and 6 cell line (H). Lanes 1, 3 and 5 display double stranded PCR fragments, samples in lanes 2, 4 and 6 were denatured before loading to the SSCP gel. Arrow heads point to the aberrantly migrating band which results from a C?T transition within codon 80 as revealed by direct sequencing of the PCR product (not shown) 
Results

Status and expression of p15/p16 genes
The genomic status of p16, p15, CDK4 and CCND1 genes in Ewing tumors was determined on Southern blots of EcoRI digested tumor DNA ( Figure 1a ). All samples were also investigated for subtle p16 sequence alterations by PCR ± SSCP analysis of exon 2 containing 87% of all published p16 mutations (for review Hirama and Koeer, 1995) . With one exception, case #27, only those specimens were included in the analysis of gene copy number presented in Table 1 for which, by sequential hybridization of the blot to an EWS exon 7 probe, an aberrantly migrating band resulting from an EWS gene rearrangement in intron 7 could be detected in an intensity similar to the germline band ( Figure 1a ). This approach guaranteed a high tumor cell content in the samples preventing underestimation of gene deletion or ampli®cation frequency. The EWS probe used in our study was not informative for cases with EWS gene rearrangements downstream the EcoRI site in intro 8 which occur in approximately 11% of cases (Zoubek et al., 1996) . As revealed by RT ± PCR for the presence of EWS chimeric transcripts, such specimens were not represented in our series except for case #27 carrying the recently described rare EWS exon 10 fusion to a novel ETS family member, FEV (Peter et al., 1997) . Out of a series of 40 tumors studied on Southern blots, specimens from 27 patients were eligible for the analysis of gene copy number according to the above criteria. Representative results are illustrated in Figure 1a and summarized in Table 1 . Seven tumors (26%) showed homozygous deletions of p16 and, concomitantly, p15 alleles. One tumor (#27) displayed a nonsense mutation at codon 80 (CGA?TGA) ( Figure 1c ). This mutation was also present in the cell line (STA-ET-10) derived from the tumor. Reduction of relative p16 signal intensities in the primary sample (not shown) and absence of the wild type sequence in the corresponding cell line indicated loss of heterozygosity in this case. In total, p16 inactivation occurred in eight of 27 Ewing tumors (30%). In two patients (#3 and #14), a constitutional heterozygous polymorphism resulting in an 148 Ala?Thr exchange was seen (not shown).
Further, 30 Ewing tumor cell lines from 23 patients were studied. Homozygous p16 deletions were detected in cell lines from 11 patients. Thus, including the cell line with the homozygous point mutation (STA-ET-10), 52% of unrelated Ewing tumor cell lines showed p16 aberrations ( Figure 1b , Table 2 ). In all but four cases, p15 was co-deleted (35%). In p16 negative cell lines retaining p15, the p15 signal intensities on the Southern blot were reduced indicating either complete p15/p16 loss in a subpopulation of cells or hemizygosity for p15 in all cells. No deletion of p15 without concomitant p16 loss was observed. However, as revealed by RT ± PCR, p15 expression was generally undetectable in all Ewing tumor cell lines tested ( Figure 2a ). In contrast, RT ± PCR for the presence of a p16 mRNA and for the recently described alternative transcript p16bARF (Duro et al., 1995; Stone et al., 1995; Mao et al., 1995) was positive for all cell lines with intact p16 genes ( Figure 2a) . However, as shown in Figure 2b , p16 protein expression was undetectable in cell lines STA-ET-3, the STA-ET-7 series, and STA-ET-8 expressing a p16 transcript (compare to Figure 2a and 3b). These results indicate that, in addition to homozygous gene loss, p16 is frequently inactivated by post-transcriptional mechanisms in Ewing tumors as has been previously observed in hepatocellular carcinoma (Hui et al., 1996) .
For six cases, DNA from the primary tumor and from deduced cell lines was available, and for four cases, more than one cell line were established from independent surgical tumor specimens, some of which have been obtained from dierent stages of the disease, i.e. primary tumor before (SAL-1, STA-ET-2.1, STA-ET-7.1, WE-68) and after chemotherapy (SAL-2, STA-ET-1, STA-ET-7.3) and metastases (STA-ET-2.2, STA- 
y n n n n n y n y n n y y n n y n y y n n y y n y y doc  doc  cr  cr  cr  dod  cr  cr  dod  dod  dod  cr  cr  dod  cr  cr  dod  cr  cr  cr  dod  dod  dod  cr  dod  pod  dod   8  7  +95  +93  +15   b   50  +60  +60  7  10  21  +44  +36  44  +26  +26  10  +34  +14  +22  13  27  8  +25  10  +4   b   12 All samples were studied by Southern blot and SSCP analyses. r no alteration, q deleted, a mutated and loss of heterozygosity, é no genomic alteration but lack of protein expression. Clinical data include the presence (y) or absence (n) of metastases at diagnosis, follow up information (dead of disease, dod; dead of complications, doc; complete remission, cr; progression of disease, pod; second malignant neoplasm, smn) and duration of survival. a The protein expression status of cases 9 and 10 were presumed to be the same as in the cell lines derived from these tumors although experimental proof is not yet available.
b After the indicated periods, patients 5 and 26 were lost for follow up ET-7.2, WE-M2-68). The status of the p15 and p16 genes was identical in all specimens obtained from the same patient. These results indicate that the higher frequency of p15/p16 alterations in cell lines as compared to the primary tumor samples could not be attributed to in vitro mutagenesis during the establishment or expansion of Ewing tumor cell lines but was most likely the consequence of selection.
Status and expression of CDK4 and CCDN1 genes
It has been demonstrated recently that ampli®cation and/or overexpression of CDK4 or CCND1 occurs alternatively to p16 loss in glioma, glioblastoma, sarcomas and head and neck cancer (He et al., 1994; Schmidt et al., 1994; Maelandsmo et al., 1995; Bartkova et al., 1995) . In Ewing tumors, we did not observe increased CDK4 and CCND1 copy numbers in any of the primary Ewing tumors and any of the cell lines (Figure 1a and Tables 1 and 2 ). However, expression levels of these genes, in particular of CCND1, varied considerably among unrelated cells lines independent of the p16 gene status as determined in Northern blots (Figure 3a) . In addition, the two dierentially polyadenylated CCND1 transcripts of 4.8 kb and 1.7 kb (Xiong et al., 1991) were present in diering proportions. For cell lines from consecutive tumor samples of the same patients, only little variation in total CDK4 and CCND1 RNA amounts was observed (Figure 3b ) suggesting that expression levels of these genes were characteristic of the tumor and not due to in vitro growth variations.
Expression of pRb
Occasional loss of pRb function has previously been reported to be restricted to cancer cell lines retaining wild type p16 . In our series of Ewing tumor cell lines Rb protein was detectable in its variably phosphorylated isoforms in all cases. However, one cell line with wild type p16 (SK-N-MC) showed only very weak signals for pRb expression (Figure 4) . Corroborating previous reports Li et al., 1994) , reduction of pRb was associated with increased p16 and decreased CCND1 RNA steady state levels in this case (Figure 3a) .
When comparing pRb phosphorylation patterns in p16 negative versus p16 positive Ewing tumor cell lines on Western blots, no evidence for a consistent relative reduction of the underphosphorylated isoform in p16 deleted as compared to p16 positive cells was obtained neither in asynchronously growing (Figure 4 ) nor in serum starved (data not shown) cells.
P53 versus p16 gene status
We previously reported a low incidence of p53 alterations in primary Ewing tumors as opposed to a high proportion of p53 mutated cell lines (Kovar et al., 1993) . In order to evaluate the relation of impaired p53 and pRb pathways in Ewing tumors, p53 mutation data from an update of the preceding study were included in our analysis. Two of 27 primary tumors (7%) and 10/23 unrelated cell lines (43%) displayed aberrant p53 status (Table 1 and 2). Five of 10 independent cell lines with p53 mutations retained intact p16. On the other hand, two of eight primary tumors ± including cases 9 and 10 for which no p16 protein could be detected in the cell lines derived from them ± and only 5/15 cell lines with p16 aberrations showed concomitant p53 mutations.
Discussion
The p15 and p16 genes have been found to be homozygously deleted with high incidence in tumors with frequent cytogenetic 9p21 aberrations. This chromosomal region is rarely altered in Ewing tumors (Turc-Carel et al., 1988) . However, we identi®ed homozygous p15/p16 loss in approximately one third of cases. For two patients retaining wildtype gene status, absence of p16 protein was observed in the cell lines derived from them. Consequently, p15/p16 aberrations constitute the most frequent accessory genetic alteration in Ewing tumors described so far. If the two patients with post-transcriptional p16 inactivation demonstrated in the tumor derived cell lines are included among the p16 negative cases, only two of 10 (20%) are in complete clinical remission after 93 and 22 months observation period. Six patients died 
Cell lines are numbered from A to W with index numbers indicating common origin from consecutive tumor samples of the same patient. Where available, corresponding primary tumor numbers are indicated in parentheses. r no alteration, q deleted, a mutated and loss of heterozygosity, é no genomic alteration but lack of protein expression. a Cell line SAL-1 has previously been reported to express p16 (HengstschlaÈ ger et al., 1996) . This result could not be con®rmed in our study using the original cell line. b Case #14 showed a heterozygous 148Ala¡Thr polymorphism. In the corresponing cell line STA-ET-9 only one p16 allele was retained. Genomic and cDNA sequencing of the whole coding region did not reveal any mutation in the expressed allele (data not shown) from the disease, one of complications and one showed rapid disease progression after 4 months. In contrast, 11/17 patients (65%) with intact p16 are free from disease after a median observation time of 34 months, one died from complications, one died due to a second malignant neoplasm, and only four died from the disease. So far, the presence or absence of metastases at diagnosis has been considered as the only reliable prognostic indicator for Ewing tumor patients. In our small series, 6/10 (60%) p16 negative and 6/17 (35%) p16 positive cases presented with disseminated disease. Among metastasized tumors, 1/6 (17%) p16 negative and 4/6 (67%) p16 positive cases are in complete clinical remission (median observation time 25 months). Similarly, among patients with localized disease, only 1/4 (25%) cases lacking p16 but 7/11 (64%) patients with tumors retaining p16 are still free of disease (median observation time 39 months). These data suggest that p16 alteration might serve as an independent prognostic parameter for Ewing tumors. However, the group of cases considered as p16 wild type in the above calculations might contain a number of tumors with post-transcriptionally inactivated p16, similar to cases 9 and 10. Since in all cell lines lacking genomic p16 aberrations the gene was transcribed, we concluded that inactivation by promoter methylation does not signi®cantly contribute to p16 inactivation. Therefore, in order to con®rm the putative prognostic impact of our ®ndings by statistical analysis, immunohistochemical data on p16 protein expression from a large series of Ewing tumors are warranted.
Considering both inactivation of p16 and Rb, the pRb dependent cell cycle regulatory cascade was compromised in at least 65% of unrelated Ewing tumor cell lines. This proportion might even be higher when cyclin D1 overexpression is included into the calculation. Cell lines established from consecutive tumor samples of the same patients were not only identical in their p15/p16 gene status but also very similar in their CDK4 and CCND1 RNA abundancy suggesting that the expression pattern of these cell cycle regulatory genes in the cell lines was representative of the tumors from which they were derived. The high steady state levels of either CDK4 or, more frequently, CCDN1 RNA in some cell lines could not be attributed to gene ampli®cation. CDK4 colocalizes with MDM2 to human chromosome 12q13. In contrast to sarcomas, the lack of CDK4 amplification in Ewing tumors and cell lines is compatible with infrequent MDM2 ampli®cation in this tumor entity (Kovar et al., 1993) . If both the p53 and the pRb dependent pathways of growth regulation are considered, genetic alterations were observed in 37% of tumors but 87% of cell lines. This discrepancy could not be assigned to a signi®cant underestimation of mutational frequencies in the primary tumors due to the variable presence of stromal cells since our approach of monitoring EWS gene rearrangements guaranteed a high tumor cell content in the samples. The identity of the p15/p16 and the p53 status in primary tumors and the corresponding cell lines derived from them suggests that in vitro enrichment of aberrations in these genes in the cell lines was the consequence of selection and not of de novo mutation. Although p16 loss and p53 mutation occurred in approximately half of the cell lines each, only ®ve cases were aected by both alterations and one cell line showed p53 and Rb aberrations. This frequency is compatible with independent perturbation of the two cell cycle regulatory pathways. Of the three cell lines Table 2 . Note that among cell lines with p16 RNA expression (A 3 , C, E 1 , F, G, P, R, N, Q, V as well as J and T (not shown)) no corresponding protein was detectable in cell lines C, E 1 and F expressing both wild-type p53 and wild-type p16, two showed overexpression of cyclin D1 (cell line STA-ET-12; J in Figure 3 ; cell line GR-OH-1: data not shown). It therefore appears that Ewing tumor cells gained selective in-vitro growth advantage when one of the pathways regulating S-phase entry was compromised.
It should be noted that we did not observe a consistent change in the proportion of phosphorylated pRb isoforms in association with p16 gene loss. However, pRb is phosphorylated by multiple CDKs that are subject to negative regulation by several CDIs including p21, a downstream target of p53. While p15 is believed to act downstream of the TFGb signalling pathway, nothing is known about the signals regulating p16 activity. The similarity of phosphorylation patterns in p16 positive and negative cell lines might therefore indicate that these signals are not operating during continuous growth but possible at the time of in-vitro establishment of a cell line. We have recently reported experimental evidence that the characteristic rearrangement of EWS withFLI1 and presumably with related ETS transcription factor genes is involved in proliferation of Ewing tumor cells . The results of the present study imply that additional genetic alterations are necessary for successful in-vitro propagation of these cells. Among them, we have identi®ed deletion of the tumor suppressor gene p16 as a recurrent aberration which already occurred in the primary tumors with high frequency. Future studies will have to further evaluate the biological impact of our ®ndings.
Materials and methods
Tumors and cell lines
Primary tumor materials studied were obtained from surgical specimens of Ewing tumor patients referred to our institution between 1988 and 1995. All patients were treated according to two consecutive European cooperative Ewing's sarcoma studies (CESS86 and EICESS92). Cell lines SK-ES1, RDES, A673 were obtained from the American Type Culture Collection (ATCC, Rockville, USA). SAL-1, SAL-2 and SMB were kindly provided by G Hamilton (1. Figure 3) . Representative Western blot successively probed with an antibody recognizing all pRb isoforms (ppRb) and an antibody recognizing only the underphosphorylated isoform (pRb). As a loading control a Ponceau S stained detail of the blot is shown in the lower part of the ®gure STA-ET-1 originated from the same tumor as SAL-1 from two independent samples collected after chemotherapy. STA-ET-2.2 was obtained from a bone marrow in®ltrate of the tumor that gave rise to STA-ET-2.1. STA-ET-7.2 was established from a pleural eusion and STA-ET-7.3 from a post-chemotherapy sample of the tumor from which STA-ET-7.1 was obtained. WE-M1-68 and WE-M2-68 are cell lines that originate from two metastases corresponding to the primary tumor which gave rise to WE-68. By RT ± PCR (Zoubek et al., 1996) , all tumour samples and cell lines were shown to express the Ewing tumor speci®c EWS-FLI1 chimeric transcripts, except for cases #25 and #26 and the respective cell lines GR-OH-1 and STA-ET-11 presenting EWS-ERG fusions and case #27 and the deduced cell line STA-ET-10 displaying the recently described rare EWS/FEV rearrangement (Peter et al., 1997) .
PCR SSCP analysis and DNA sequencing
For mutation analysis of p16, exon 2 was ampli®ed with its¯anking intronic sequences from 0.1 mg genomic DNA in two overlapping portions using the gene speci®c primer p16S1 (TATAAGCTTGGCTCTACACAAGCTT-CCTT) with p16A1 (TATTCTAGAGTGCAGCACCAC-CAGCGTG) and p16S2 (TATAAGCTTCCTGGACACG-CTGGTGG) with the gene speci®c primer p16A2 (TATTCTAGATGAGCTTTGGAAGCTCTCAG). Thirty ®ve cycles of denaturation at 948C for 30 s, annealing at either 578C (p16S1/p16A1) or 508C (p16S2/p16A2) for 30 s and polymerisation at 728C for 40 s were performed. SSCP analysis was carried out essentially as described previously (Kovar et al., 1993) . DNA sequencing was performed on PCR ampli®ed DNA with same primers as described above using the DNA cycle sequencing system (BRL, Gaithersburg, MD, USA) according to the manufacturers instructions.
Analysis of genomic status and expression of p16, p15, CDK4, CCND1 and Rb genes The genomic status of p16 and p15 genes was determined on Southern blots by hybridization of 5 to 10 mg EcoRI digested genomic DNA to an exon 2 probe generated by PCR ampli®cation using primers p16S1 and p16A1. High tumor cell content in the primary tumor samples was con®rmed by consecutive hybridization to the EWS speci®c probe HP.5 (Zucman et al., 1993) which, in addition to the ubiquitous germline band and a band originating from a pseudogene, detects an aberrantly migrating restriction fragment resulting from the ET speci®c gene rearrangement in tumors with EWS intron 7 breakpoints (89% of cases). For evaluation of CDK4 and CCND1 gene copy numbers previously described probes generated by PCR were used (Kathib et al., 1993; He et al., 1994) . Expression of p16, p15, CDK4, and CCND1 RNA was tested on Northern blots using 10 mg of total RNA with the same probes used for Southern blot analysis. Western blotting was performed after electrophoretic separation of 40 mg whole cell extracts on denaturing polyacrylamide gels according to standard procedures. Monoclonal antibodies G3-245 and G99-549 (Pharmingen, San Diego, CA) (0.5 mg/ml) served to detect pRb in its variably phosphorylated and its underphosphorylated isoforms on Western blots. A polyclonal antibody (15126E; Pharmingen, San Diego, CA) was used in a 1:1000 dilution to study p16 expression in cell lines.
RT ± PCR analysis for the presence of p15, p16 and p16bARF was performed on oligo-dT or random hexamer primed cDNA of total RNA using forward primers speci®c for p15 exon 1 (GGACTCCGCGACGGTCCGCA) or p16 exon 1 (GAGCAGCATGGAGCCTTCG) or p16 exon 1b (AGTGGCGCTGCTCACCTC) with the common exon 2 speci®c reverse primer p16A1 to generate products of 550, 280 and 420 base pairs, respectively. After initial denaturation at 948C for 7 min, ampli®cation was achieved in the presence of 3% formamide by 36 cycles of denaturation at 948C for 30 s, annealing at 508C for 30 s and extension at 728C for 40 s, followed by a ®nal 7 min extension step. The integrity of RNA used for RT ± PCR was con®rmed by electrophoresis on 1.5% agarose gels and by control ampli®cation of EWS RNA using primers AAGACCCACC-CACTGCCAAG and CCACCTCTGTCTCCACCACG by 34 cycles of 948C for 30 s, 648C for 1 min and 728C for 1 min, preceded by an initial 5 min denaturation step and followed by a ®nal 3 min extension step. PCR products were resolved on 1.5% agarose gels.
